Figure S1
Figure S1. Kinase Screen in Macrophages and Activation Induced Metabolism (A) RAW264.7 cells transfected with a human ORF kinase collection were stimulated with LPS. TNF secretion of stimulated macrophages was analyzed by ELISA.
Twenty-one kinases exceeded the screen cut-off of 4 standard deviations (~30% change in TNF production) to determine novel candidate immuno-regulatory kinases. Interestingly, substantial enrichment of non-protein kinases over protein kinases was observed in both the activating and suppressive pools of candidate genes.
(B) To gain deeper insight into this observation we performed a gene-ontology based pathway analysis (IPA, Ingenuity Systems) in two contexts. In keeping with the inflammatory nature of the screen the top enrichment scores within the global category Diseases and Disorders included "organismal injury and abnormalities", "genetic disorders" and "inflammatory response" (Table S2) . Analysis under Cellular and Molecular Function, interestingly, revealed high scores for genes involved in "molecular transport" and pathways of cell signaling, and notably, carbohydrate and lipid metabolism (lower chart, Table S3 ). Color intensities of pie-charts correspond to enrichment factor which describes the order to robustness of enrichment.
(C) We tested primary macrophages for their response to 10 ng/ml IL-4 and 100 ng/ml LPS by monitoring common activation marker and CARKL expression after 4 hrs incubation. Primary BMDMs reduced CARKL upon LPS-activation and simultaneously increased TNFα and IL-6. M2-polarization by IL-4 increased CARKL expression in BMDMs. To ensure an M2-like state we also measured increased arginase 1 (Arg-1) and mannose receptor 1 (Mrc-1) expression, both widely employed activation read-outs for alternatively activated macrophages. M2 marker Mrc-1 is reduced by M1-stimulus LPS, whereas M2-stimulus IL-4 reduces TNFα, a M1-Marker. Data represent mean ± SEM of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001.
(D) By comparing S7P isotope-distributions a decreased m+1 S7P and an increased m+2 S7P fraction were observed. Increased PPP-flux directly forms m+2 S7P but the origin of m+1 S7P remains elusive. (insert) S7P showed relatively high incorporation rates (compare to Figure 1H ) but no significant increase in total flux one hour after LPS activation.
(E) PPP activity (by NADPH formation) contributes to reduction of oxidized redoxcouples. We expected reduced GSH and NADH regeneration during M1-activation by blocking glucose-flux either by DHEA or by Oxamate. Both GSH and NADH (see Figure 1H ) were increased during LPS-induced activation (100 ng/ml) accompanied by a moderated increase of the oxidized forms. Glutathione response was measured 4 hrs after stimulation. IL-4 activation operated differently. M2-like activation by (10 ng/ml) was not followed by increased GSH formation or NADH formation. During LPS stimulation, CARKL overexpression ( Figure 5D-5F ) or direct PPP blocking by DHEA in BMDM, annulled the increase in reduced-factors and resulted in a dramatic redox-shift towards the oxidized state. This clearly indicated the increased turnover of redox-factors during LPS activation in both primary and RAW264.7 macrophages and displayed increased PPP activity as prerequisite to sustain consumption. Thereby we show that redox-regulation is distinctly regulated for either polarization state, correlates with PPP activation and is regulated by CARKL. Data represent mean ± SEM of two independent experiments; *p < 0.05, **p < 0.01. Figure 2A we were also able to relatively quantify redox-factors and nucleotides by a metabolomic-time-course during LPS Activation. These additional small molecules are shown in this supplemental figure. pCtrl cells were stimulated with LPS (100 ng/ml) for indicated times. For detailed experimental setup please refer to the main text. (A) NAD and NADP levels appeared to be well balanced and not affected by the activation process. FAD levels were significantly reduced. Adenosine (mono-, di-, tri-) phosphates showed substantial decrease although only reduction of ADP was significant. GTP levels trended towards an increase, GDP was similarly regulated as ADP, and GMP remained unchanged. (B) NAD/NADH ratios were calculated by peak ratios for each individual experiment over time in fold change (0 hr = 1) and were statistically analyzed by paired t test. The substantial increase in NADH observed in (A) was associated with a rapid drop of the NAD/NADH ratio after macrophage stimulation. The metabolomic data represent the mean peak change in % (untreated cells labelled as 0 hr = 100 %) ± SEM of three independent experiments; to test for significant changes in response to LPS, every time point was analyzed against untreated control (0 hr) by Student's t test; *p < 0.05, **p < 0.01.
(C and D) As for RAW264.7 macrophages ( Figure 2D and 2E), we tested primary cells for the relevance of this metabolic reconfiguration during M1 polarization in the context of macrophage effector function. We used inhibitors to interfere with glucosemetabolism and measured cytokine production as a functional readout. Both treatments (DHEA and oxamate resulted in a substantial inhibition of M-1 cytokine production as already shown for RAW264.7 cell line. This finding confirmed metabolic-reprogramming (activation of glucose consumption by glycolysis and PPP) as crucial event for proper macrophage M1-polarization. Data represent mean ± SEM of three independent experiments; *p < 0.05, **p < 0.01. (A) In vivo and in vitro CARKL regulation by endotoxin. We injected LPS (50 µg/kg, i.v., n = 3-4) into C57BL/6J mice and examined CARKL and TNF mRNA expression levels in murine cells. Similarly to the effects of LPS in human PBMCs ( Figure 3A) we observed a significant CARKL loss in peripheral blood nucleated cells (PBNCs) after in vivo stimulation with LPS for two hours (upper left). As a control we also measured TNF mRNA expression (upper right). In murine bone marrow derived macrophages treated with LPS (100 ng/ml) we observed a very similar and significant down-regulation of CARKL mRNA as seen in the RAW264.7 cell line ( Figure 3B ). To show whether cultured human cells show CARKL regulation comparable to murine cells, we also incubated primary human monocytes with LPS (100 ng/ml) and measured CARKL expression. We observed again a significant loss of CARKL transcript, matching our findings in murine cells. Data represent means ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001. The assignment of C-7 as the phosphorylation site was deduced from the low-field shifted 13 C-signals of C-7 ( 66.67 and 66.62) and the heteronuclear correlation of the geminal H-7 protons to a single 31 P NMR signal at 1.34, whereas both geminal protons at C-1 (identified via their HMBC-correlation to the anomeric carbon C-2) were observed at chemical shifts similar to Sedoheptulose. Furthermore, NMR data are in full agreement with recently published data of S-7P generated by a transketolase-catalyzed reaction (Charmantray et al., 2009 ).
(C) We also determined the Michaelis constant K m for CARKL protein. K m values were experimentally defined by incubation of recombinant CARKL with various doses of respective substrates. We could ascertain a K m of 134 ± 9 µM for sedoheptulose (upper graph) and for ATP a K m of 180 ± 8 µM (lower graph) using an ADP accumulation assay.
(D) We evaluated CARKL protein distribution and co-localization in RAW264.7 cells stably expressing CARKL_eGFP in very low quantities. We have shown that CARKL co-localize with G6PD ( Figure 3F ). As many metabolic enzymes, including G6PD, Plasma membrane based oxygen-consumption is known to account for up to 80% of the entire cellular respiration in certain cell types (Herst and Berridge, 2007) . Several oxidases, including NOX isofroms, were identified as part of a respiratory system located at the plasma-membrane dependent on reducing factors produced by the PPP and glycolysis (Piccoli et al., 2005) . CARKL up-regulation resulted in higher basal GSH levels but also in increased GSSG levels. GSSG did not further increase upon IL-4 activation. Of note, IL-4 resulted in up-regulation of CARKL whereas LPS activation in CARKL loss. Data represents means ± SEM; ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001. This artificial metabolic-reprogramming was sufficient to induce IL-6 in resting primary macrophages but had no effect on TNF-α expression (bar graphs). In RAW264.7 cells, enforcing metabolic-reprogramming by CARKL knock-down was sufficient to induce TNFα (Figure 6G and 6I).
(B) In Figure 6 we showed that LPS-induced cytokine secretion is significantly affected in pCARKL (blocked) and miCARKL (enhanced) cells. For causality testing, Further, we observed increased Mrc-1 expression in pCARKL cells and reduced levels in miCARKL cells (Figure 6M and 6J) . These data based on Mrc-1 expression as readout and metformin or rotenone as tools suggest that elevated glycolysis is disruptive to M2 polarization in primary macrophages. 
Supplemental Experimental Procedures Kinase Screen
The human kinase cDNA library was previously generated (Park et al., 2005) . 
Quantitative RT-PCR
For Q-RT-PCR analysis total RNA was extracted from respective tissues and cells using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions.
Isolated total RNA was reverse-transcribed into cDNA using commercially available kits (Applied Biosystems). All subsequent Q-RT-PCR reactions were performed on an AbiPRISM 7900HT real-time cycler (Applied Biosystems) using iTaq SYBR Green Supermix with ROX (BioRad). PCR cycling conditions were as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles at 94°C for 15 seconds, 60°C
for 15 seconds and 72°C for 1 minute. Post-amplification melting curve analysis was performed to check for unspecific product formation. For normalization, threshold cycles (C t -values) of all replicate analyses were normalized to β-actin within each sample to obtain sample-specific ΔC t values. To compare the effect of various treatments with untreated controls, 2 -ΔΔCt values were calculated to obtain fold expression levels. SOCS1 and SOCS3 primer sequences were previously published (Dalpke et al., 2001) . All other primers used are listed in Supplementary Table 5 .
Generation of Recombinant Mutant and Wild-Type CARKL
To generate recombinant CARKL we employed in vivo site directed biotinylation as purification strategy.
The full length open-reading-frame of mouse CARKL (GenBank™ accession number NP_083307) was cloned into PinPoint Xa-1 vector (Promega) by using 5'NurI and 3'NotI restriction sites. CARKL, including a 3' stop codon, was thereby flanked 5' with a biotin purification tag coding sequence and a Factor Xa protease recognition site. The final construct was verified by sequencing to ensure sequence integrity. The vector was transformed into E. coli BL21(DE3).
Protein expression and preparation of bacterial extracts were performed according to PinPoint manual (Promega). Biotin-tagged protein was purified on SoftLink avidin resin (Promega) column by gravity flow. CARKL was eluted with 5 mM Biotin und cleaved by Factor Xa protease to free CARKL entirely from the tag. Factor Xa was removed using a Factor Xa binding resin (Novagen) and recombinant CARKL was ultrafiltrated (cut off 30kDa). To remove endogenous bound Sedoheptulose, recombinant proteins were dialyzed against buffer containing 20 mM HEPES, 250 mM NaCl, 4 mM DTT and 0.005% NP-40. Protein concentration was estimated by measuring absorbance at 280 nm assuming an extinction coefficient of 1.18
(mg/ml) −1 cm −1 for CARKL.
Sedoheptulose Isolation from Sedum Spec.
Sehoheptulose was isolated according to a modified protocol of Schmidt et al (Schmidt et al., 1998) . Briefly, Leaves of Sedum Spec. were grinded and mixed with an equal volume of water. Crude leave mix was pressed and the liquid passed through a 0.45 µm filter. Pre-cleared extract was incubated for 10 min at 37 °C with activated carbon. After removal of carbon the extract was concentrated by vacuum centrifugation. The concentrate was deproteinized by mixing with 50 °C pre-heated absolute EtOH. The resulting solution was cleared by centrifugation and again concentrated by vacuum centrifugation. For further removal of contaminants the extracts were passed over a Dowex AG1X8 (HCO 3 -form) column and concentrated.
The final Sedoheptulose preparation was ~90% pure as measured by NMR analysis (data not shown).
Purification and Characterization of Sedoheptulose-7P
For preparative generation of S7P we incubated 10 mM sedoheptulose with 8 µg/ml recombinant CARKL in a kinase reaction buffer pH 7.6 containing 25 mM HEPES, 20 mM KCl, 10 mM MgCl 2 and 10 mM ATP overnight at 30°C. The reaction mixture was applied on a Bio-Gel P2-column (Bio-Rad; 40cm length, 1.6cm in diameter), flushed with water (LiChrosolv Merck) and the flow-through was fractionated in 0.5 ml intervals. Each fraction was tested for the presence of S7P by thin layer chromatography in junction with anisaldehyde/H 2 SO 4 stain. S7P containing fractions were pooled and lyophilized for further NMR analysis.
Nuclear Magnetic Resonance (NMR)
NMR spectra were recorded at 297 K on a Bruker DPX 400 instrument at 400. correlations. All homo-nuclear and hetero-nuclear spectra were recorded with 1k x 1k data points and zero filled in both dimensions.
3D-Modelling and Docking Experiments of CARKL
The model of CARKL was built based on the 3D structure of Xylulose Kinase (PDB code: 2ITM) by using MODWEB for homology and comparative modeling of protein three-dimensional structures (Eswar et al., 2003; Pieper et al., 2009 ). The generated model was further optimized and validated by employing a Molecular Dynamics simulation using Gromacs (Lindahl et al., 2001 ) by applying the following procedure:
We immersed the generated model into an artificial water bath of 120 Å side length allowing for a minimum distance of 20 Å (Omasits et al., 2008) between box boundary and Sedoheptulose and applied periodic boundary conditions.
Subsequently, we performed an energy minimization of the system using a steepest decent method as implemented in Gromacs and then increased the system temperature up to 310 °K. Finally, we carried out a Molecular Dynamics simulation for a real-time of 25 ns and performed the RMSD calculations using the built-in analyses tools of Gromacs ( Figure S3E ). For Sedoheptulose positioning within CARKL we employed an automated docking tool AutoDock Vina (Trott and Olson, 2010) to identify receptor -ligand interactions. First, we positioned an optimized Sedoheptulose model into the cavity of CARKL and then defined flexible AA within close proximity to Sedoheptulose (W125, Q126, D257, L258, S279, V280 and L282).
AutoDock Vina was adjusted to the following parameters: exhaustiveness = 400, num_modes = 15, energy_range = 60. Flexible docking was calculated for 15
Sedoheptulose/flexible-AS coordinates, which resulted in a binding affinity range of sedoheptulose to the CARKL model between -7.6 to -6.8 kcal/mol. Protein structures were graphically illustrated with PyMOL from Delano Scientific LLC (www.pymol.org)
or UCSF Chimera (Pettersen et al., 2004) .
Silver Stain
Recombinant CARKL protein was separated on 4-12% polyacrylamide gels (Invitrogen) followed by over night fixation in 50% MeOH / 10% acetic acid. Gel were washed two times for 10min in 50% MeOH and subsequently sensitized with a incubation in 0.02% Sodium thiosulphate for 30 s and two times shortly rinsed with H 2 O. Staining was performed in the dark for 20min with a 0.1% silver nitrate solution which was freshly prepared. After a short wash with H 2 O gels were developed in a 3% sodium carbonate solution containing 0.05% formaldehyde. Reaction was stopped by incubation with 1% acetic acid.
Cloning and Generation of Stable Cell Lines
To generate a construct for overexpression of CARKL in mammalian cells we cloned a sequence verified murine CARKL cDNA (clone MMM1013 OpenBiosystems) lacking 5' and 3' UTRs into pcDNA6 (Invitrogen). Transfection of RAW264.7 cell with empty pcDNA6 or pcDNA6_CARKL was achieved by Superfect reagent (Qiagen).
Stable cell integrants were selected over 2 weeks by culture in medium containing 10 µg/ml Blasticidin (Invitrogen). Resulting cells containing either pcDNA or pcDNA_CARKL were termed pCtrl and pCARKL, respectively. Constitutive stable CARKL knockdown in RAW264. and lysine (K15) residues resulting in PinPoint Xa_CARKL-T14M/T15K plasmid.
Confocal Laser Scanning Microscopy
Stable CARKL_eGFP macrophages were cultured in tissue culture treated glass slides (BD Falcon). Briefly, for immunofluorescence microscopy, cells were washed twice in PBS and exposed to pre-chilled methanol at -20 °C for 45 seconds. Methanol was removed quickly and the coverslips were washed three times with PBS. Fixed cells were blocked overnight at 4 °C or 2 hrs at RT with blocking solution (2% BSA in PBS). Incubation with rabbit polyclonal anti-G6PD (ab993, AbCam), -tubulin and ß-Actin (T5168 and A5316 Sigma-Aldrich) was performed at RT for 2 hrs followed by four washing steps with PBS 0.05% Tween. Alexa-594 conjugated goat anti-rabbit or anti-mouse antibody (Molecular Probes) was added for 2 hrs at RT in the dark. Nuclei were visualized with DAPI (Sigma-Aldrich). Slides were mounted with moviol and dried overnight at RT in the dark. Specimens were then examined using a Zeiss LSM5 laser scanning Microscope (Carl Zeiss Optics).
Electron Spin Resonance
We employed a CMH (1-Hydroxy-2,2,5,5-tetramethyl-pyrrolidine-3-carboxylic acid methyl ester) spin probe (Noxygen) to measure intracellular and absolute superoxide generation rates of macrophages after activation ( Figure S4F ). Cells (4x 10 6 /ml) were incubated with or without LPS (100 ng/ml) in ESR-Krebs HEPES Buffer (Noxygen). After two hours of incubation DTPA (0.2 mM) and CMH (2 mM) were added to cells. Twenty microliters of the incubated cell suspension were aspirated into a Teflon tube (0.9 mm ID) and transferred to a flexline dielectric resonator ER4118X-MD5 (Bruker). Electron spin resonance measurements were started 2 min after mixing at room temperature using a Bruker EMX spectrometer with the following parameters: microwave frequency 9.685 GHz, modulation frequency 100 kHz, modulation amplitude 1 G, time constant 0.082 sec, center field 3446 G, scan rate 71 G/min, sweep 100 G, sweep time 84 s, receiver gain 2 10 4 . Always five consecutive scans were recorded and from the increase in the peak-to-peak intensity of the middle line from the resulting nitroxyl radical CM the CHM oxidation rates were calculated. Absolute CM concentrations were obtained by comparison with a calibration curve constructed from different CP (3-carboxy-proxyl) concentrations.
Metabolomic Analysis
Cells were grown in 150 mm dishes and harvested after three PBS washes by centrifugation. The pellet was then frozen in liquid nitrogen and thawed in ice water to support cell lysis. Extraction solvent, which consisted of 100 µl of ice-cold 80/20 methanol/water containing 10 µM 13 C 6 -citric acid and 13 C 2 -succinic acid as internal standards, was added to the cell pellet, and the pellet was disrupted by probe sonication using a Branson Sonifier 450 (Danbury, CT) set at 20% duty cycle and 40% output power. The sample was sonicated for 20 seconds, followed by a 30 second rest period and then 20 additional seconds of sonication. The sample was then centrifuged at 14000 g at 4°C for 10 min, and the supernatant was transferred to an autosampler vial for analysis by LC-MS.
Samples prepared as described above were separated via hydrophilic interaction liquid chromatography (HILIC) and detected online using tandem mass spectrometry (MS/MS). The HILIC separation was carried out using an Agilent 1200 Rapid
Resolution LC system (Agilent, Santa Clara, CA) and a Phenomenex Luna NH 2 (3 µm, 150 mm x 2.1 mm i.d.) column (Phenomenex, Torrance, CA). Mobile phase A was acetonitrile, and mobile phase B was 5 mM ammonium acetate in water, adjusted to pH 9.9 with ammonium hydroxide solution. The gradient was 60%/40%
(A/B) to 100% B over 18 min, followed by a 18 sec hold at 100% B. The mobile phase was returned to 60%/40% (A/B) over 0.2 min and was held for 17.5 min for reequilibration. The flow rate was 0.25 ml/min and the column temperature was held at 25 °C. 8 µl of sample were injected for each analysis.
The LC system was coupled on-line to an Agilent 6410 Triple Quadrupole mass spectrometer with electrospray ionization (ESI) source. The spray voltage was set to -4.0 kV in negative ion mode. The desolvation gas flow rate was 10 L/min, the desolvation gas temperature was 350 °C, and the nebulizer pressure was 40 psi. The LC-MS system was controlled using the Agilent MassHunter Data Acquisition software. Compounds were detected using multiple reactions monitoring (MRM) mode with a 50 ms dwell time per transition. Prior to performing LC-MS analyses, the MS/MS transitions were optimized for detection of metabolite intermediates by flow injection analysis of authentic standard compounds.
Non-Stationary Isotopic Flux Analysis
Cells were grown in 100 mm dishes and at day of experiment stimulated for indicated times. After cell stimulation normal growth media (DMEM high glucose) was removed and replaced with media containing 100% 13 C-1-2-glucose instead of unlabeled glucose. Primary macrophages were placed back to incubator for 10 min to reach non-stationary labeling. For quenching, we exactly timed media removal, ddH 2 O wash and snap-freezing by pouring liquid nitrogen into the cell plate. Dishes were stored at -80 °C for one week. Carbon-13 mass isotopomer analysis of glycolysis, pentose phosphate pathway, and nucleotide metabolites in cultured cells was carried out using liquid chromatography-mass spectrometry (LC-MS) according to the protocol of (Lorenz et al., 2011) . Briefly, metabolites were extracted by adding 1.5 mL of cold 8:1:1 methanol:chloroform:water to the quenched (frozen) cell culture plates and scraping with a cell scraper to release the cells. Cell debris and precipitated proteins were pelleted by centrifugation and the supernatant was directly analyzed by mixed-mode anion exchange -hydrophilic interaction chromatography using a Phenomenex Luna NH2 3µ column, 15 cm x 1 mm ID. Mobile phase A for the separation was acetonitrile and mobile phase B was 5mM ammonium acetate in water (adjusted to pH 9.9 with ammonium hydroxide). The gradient consisted of a 15 min linear ramp from 15% to 100% B, followed by a 2-min hold at 100% B and a subsequent 17-min re-equilibration period at 15% B. The sample injection volume was 20 µL and the flow rate was 0.07 mL/min. Detection was performed by electrospray ionization mass spectrometry in negative ion mode using an Agilent 6220 time-of-flight mass spectrometer. MS parameters were as follows: gas temp 350 °C, drying gas 10 L/min, nebulizer 20 psig, capillary voltage 3500V, scan range 50-1200 m/z. Metabolites were identified in the LC-MS data by comparing accurate mass and retention time of peaks with those of authentic standards. Relative quantitation of each metabolite and all of its isotopes was performed by measurement of peak area from extracted ion chromatograms. Mass isotopomer distributions were calculated by dividing the peak area of each isotope by the sum of the peak area for all detected isotopes.
